The mechanisms of paired-pulse potentiation of the CA 1 pyramidal cell population were examined by determining input-output relations for control and potentiated responses originating from the activation of radiatum fibers in the hippocampal slice preparation. Two types of potentiation for synchronously discharging pyramidal cells (population spike) were observed. In the first type, the potentiation of the population spike was found to be a combination of synaptic and extrasynaptic factors. This form of potentiation was observed in 16 of 28 slices. In the second type, the potentiation of the population spike was attributed entirely to the potentiation of summated dendritic depolarizations (population EPSP). This synaptic process of potentiation was observed in 12 of 28 slices. The involvement of only extrasynaptic mechanisms in the paired-pulse potentiation of the population spike was not observed. For the potentiation originating from a combination of synaptic and extrasynaptic mechanisms, 60% of the potentiation of the population spike was a result of synaptic factors and 40% could be attributed to extrasynaptic factors. These results support the concept that alterations in the excitability of postsynaptic neurons serve as a component of the mechanisms of paired-pulse potentiation in the radiatum fiber-CA1 pyramidal cell system.
INTRODUCTION
The hippocampal formation provides a unique model for the study of cellular mechanisms of plasticity. Several forms of alterations in neural func-LOW, BE MENT, AND WHITEHORN appropriate electrophysiologic responses can be monitored easily. A relatively simple form of plasticity is paired-pulse potentiation of the CA1 pyramidal cell population, which occurs when the fibers in stratum radiatum are electrically stimulated with paired-pulses separated by 40 ms. With this interstimulus interval, the response to the second stimulus is significantly potentiated over control responses. This is true for the evoked responses recorded in the dendritic region of synaptic termination (population excitatory postsynaptic potential, EPSP) and in the region of the discharging pyramidal cell bodies (population spike).
There are three major transformations involved in these responses, each of which may be altered under paired-pulse conditions. First, the relationship between the intensity of the applied electrical stimulus and the degree of activation of the radiatum fibers can be altered as demonstrated by Low and BeMent ( 14) . Second, the relationship between the magnitude of the afferent activity and the resulting summated synaptic activation can be altered as shown by Lomo (12) in the perforant path innervation of the dentate gyrus. Third, the relationship between the degree of summated synaptic activation and the summated impulse discharge of the associated neuronal population might be altered as seen in the tetanic activation of the perforant path-dentate pathway (5, 10, 11) .
We report here a systematic examination of the third possibility with paired-pulse activation of the radiatum fiber-CA 1 pathway. In 28 slice preparations we determined the relationship between the magnitude of the population EPSP and that of the population spike both during control conditions (in response to the first of a pair of stimuli delivered to stratum radiatum) and during potentiation (in response to the second of the paired stimuli). We reasoned that if this relationship was altered such that larger population spikes were obtained for given amplitudes of population EPSPs during potentiation, it would indicate the presence of an increased excitability in the postsynaptic neurons at some point between the generation of the EPSP and initiation of the axonal spike. We found evidence for such an alteration in 16 of 28 slices. In these preparations we calculated that the extrasynaptic alteration accounted for approximately 40% of the observed potentiation of the population spike. Together with other recent data (10, 16) our findings suggest that CA1 pyramidal cells are capable of modifying their response extrasynaptically to a given level of depolarization at synaptic sites.
METHODS

General
Hippocampal slices were prepared from Sprague-Dawley rats ( 100 to 125 g) as described elsewhere (14, 15) . The rats were incapacitated with ether anesthesia or by a blow to the back of the shoulders. They were then quickly decapitated, the brains were removed from the base of the skull, and the hippocampal formation dissected free. Hippocampal sections (300 to 400 pm thick) were cut in planes transverse to the longitudinal axis and placed in a small petri dish filled with an aerated and cooled (-10°C) glucose medium ( 124 mM NaCl, 5 mM KCI, 1.24 mM KH2P04, 1.3 mM MgS04, 2.4 mM CaC12, 26 mrvi NaHC03 and 10 mM glucose). The sections were then transferred to an incubation and recording chamber, which consisted of two separate fluid compartments. The inner compartment, filled with the glucose medium, contained a nylon net upon which the slices were placed. The outer chamber contained distilled water maintained at 37 +-0.5"C by a heating filament. A gas mixture of 95% O2 and 5% CO2 was bubbled into the outer chamber to create an oxygen gradient that resulted in the diffusion of O2 into the slices. The slices were incubated approximately 45 min in the inner chamber, then visually guided recording electrodes were placed on the region of pyramidal cell bodies (stratum pyramidale) and the region of the radiatum fiber-CA 1 pyramidal cell dendritic synapses (stratum radiatum). An insulated bipolar stimulating electrode (40-gauge Nichrome) was also placed in stratum radiatum, but more proximal to region CA3 than the recording electrode (Fig. 1 ).
An isolated constant current source driven by a Grass stimulator (model SD5) was used to excite the afferent radiatum fibers that terminated in the midapical dendritic region of the CA1 pyramidal cell population. Current pulses of 100 JLS in duration and 10 to 200 PA intensity were used to evoke responses from stratum radiatum and stratum pyramidale. The evoked responses from the two loci were recorded with glass microelectrodes (1 to 2 mQ) filled with 2 M NaCl. The pyramidale and radiatum responses were amplified by WPI (model DAM 4) and Transidyne (model 1600) electrometers, respectively, and simultaneously recorded on the FM channels of an HP 3960 tape recorder. With this stimulating and recording arrangement, paired stimuli separated by 40 ms were applied once every 2 s. Input-output (I/O) relations between evoked radiatum and pyramidale responses were determined by increasing the stimulus intensity.
The recorded evoked responses were digitized and stored on disk files with an HP 2 1 MX computer system. The digitized responses were later analyzed to determine the evoked amplitudes of interest, using algorithms tailored to measure the negativity of the radiatum response (1 ms after the stimulus artifact), and the peak negativity of the pyramidale response.
Input-Output
Functions of Potentiation
The analysis of input-output functions was used to examine alterations in the relationship between the population EPSP and population spike. Such FIG. 1. Electrical stimulation and field potential recording from hippocampal slices. Stimulating electrode was placed on the radiatum fibers and two recording electrodes were placed in strata radiatum and pyramidale, respectively. The recording electrode in stratum radiatum detected the population EPSP and that in stratum pyramidale detected the population spike. Vertical bar, 1 mV; horizontal bar 5 ms.
an approach can determine quantitatively the relative contribution of synaptic and extrasynaptic factors to the overall potentiation of the CA1 population spike response.
The measures of input and output were obtained from the evoked responses in the regions of stratum radiatum and pyramidale, respectively. The amplitude of the summated EPSP and the peak negativity of the spike were used as measures of the respective input and output of the CA1 pyramidal cell population. Two linear regression equations were determined for the input-output relationship between these two evoked responses for a range of increasing stimulus intensities. The first input-output function described the relationship of the control population EPSP and spike, and the second input-output function described the relationship between the test population EPSP and spike evoked in response to an electrical stimulus applied 40 ms after the control stimulus.
If paired-pulse potentiation of the summated spike is simply a result of the potentiation of synaptic transmission, then the two input-output functions should be coincident, i.e., for a given potentiation in the summated EPSP the associated amplitude of the potentiated population spike would be equal to that predicted from the regression equation of the control responses. On the other hand, if the paired-pulse potentiation of the summated population spike is not simply a result of the potentiation of the summated EPSP, but also involves postsynaptic factors, then the two input-output functions should not be coincident, i.e., for a given potentiation of the summated EPSP, the associated amplitude of the potentiated population spike would be greater than the value predicted from the regression equation of the control responses.
A statistical measure was used to compare the regression equations for the test and control responses. Statistical comparisons were made of the slope and intercept, and therefore the coincidence, of regression equations of the form Y, = AC + B&Xc -Xc-) and -Y, = AT = BT(XT -XT)
where Ac and A= are estimates of the intercepts for the control and testfunctions, Bc and BT are estimates of the respective slopes, and z and XT are mean values of the control and test population EPSP amplitudes. The statistical method of analysis is similar to that presented by Brownlee (6) and can briefly be described as follows.
The first step in the statistical comparison of two regression lines requires the analysis of the variance about the two lines. This is accomplished by determining:
(1) the sum of squares, SSR, about each regression line given as where Nc and NT are, respectively, the number of control and test data points. If the null hypothesis is rejected, then the two regression lines differ in slope. However, if the hypothesis is accepted, then the similarity of intercepts can be tested.
The similarity of intercepts is evaluated by first determining a joint slope, BJ, given by the expression BJ = (SPDc + SPD,)/(SDXc + SDXT).
A new residual sum of squares, R, about the two parallel regression lines is also computed from the expression R = SOY, + SOY, -(SPD, + SPDT)' (SDX, + SDXT) '
The new residual sum of squares is used to compute a new joint variance, (TJ) stimulus intensity-population EPSP relations. These amplitudes for the population EPSPs are then used to determine the control and expected population spike amplitudes (S, and S, respectively) from the control population EPSP-spike relation (C2). Similarly, the amplitude for the test population EPSP is also used to determine the test value for the population spike amplitude (S,) from the test population EPSP-spike relation (TZ). The control, expected, and test values of the population spike amplitudes are used in the determination of the percentage of the total potentiation attributed to synaptic and postsynaptic factors as discussed in the text.
FIG. 2. Determination of percentage of potentiation attributed to synaptic and extrasynaptic factors. Control (E,) and test (EJ population EPSPs can be determined for a given midrange stimulus intensity (1,) from hypothetical control (CI) and test
where A? and Y are the means of the X and Y values, respectively. If the null hypothesis is rejected, then the parallel regression lines differ in intercept. If the null hypothesis is accepted then the lines are coincident.
The input-output functions and the statistical test of significance were used to determine the percentage of the population spike potentiation which could be attributed to synaptic factors, %P(syn), and postsynaptic factors, %P(postsyn) (see Fig. 2 ). These percentages were determined by first establishing the midrange amplitude (1,) of the stimulus intensities. This value was then used to determine the corresponding control and test population EPSP values (EC and E,, respectively) from the corresponding control and test stimulus population EPSP regression equations. The control and test values for the population EPSP was then used to determine the control and expected test population spike amplitudes (SC and S,, respectively) from the control population EPSP-spike relation. Similarly, the value for the test population EPSP amplitude was used to determine the value of the test 
RESULTS
In all slices examined, potentiation was observed for both the population spike and EPSP with paired stimuli. However, two relationships between the control and test EPSP-spike functions were found. The first relationship was characterized by test I/O equations, which exhibited slopes and/or intercepts that were significantly greater than those of the control I/O equations (Fig.  3A) . This type of relationship was seen in 16 of 28 slices and is consistent with the notion of extrasynaptic alterations in potentiation. Of these 16 slices, 8 exhibited significant differences in slope and intercept and 8 exhibited significant differences in intercept alone.
The second type of relationship was one in which the control and test I/O equations were statistically coincident (Fig. 3B) in that hypotheses of similarities in slopes and intercepts for the respective regression equations could not be rejected at the 0.05 level of significance. This lack of dissociation between the test and control equations was observed in 12 of 28 slices and LOW, BE MENT, AND WHITEHORN is consistent with mechanisms of potentiation which are entirely synaptic in nature.
The percentage of the population spike potentiation that can be attributed to synaptic factors and postsynaptic factors was determined for the 16 "noncoincident" I/O pairs. An example of one such percentage determination is illustrated in Fig. 4 . The midrange value of the stimulus intensity (Z,) was determined to be 77.5 PA for the linear range of the stimulus-population EPSP relation. This value was used in the control and test regression equations for regression lines Cl and Tl to determine the amplitudes in terms of relative units (r.u.) for the control and test population EPSP amplitudes (E, = 186 r.u. and Et = 264 r.u. respectively). These control and test population EPSP values in turn were used to compute the relative control and expected test spike amplitudes (S, = 107 r.u. and S, = 158 r.u., respectively) from the regression equation for the control regression line C2. The amplitude of the test population EPSP was also used to compute the test spike amplitude (S, = 19 1 r.u.) from the regression equation for the test regression line T2. Thus for this I/O pair the percentage of the total population spike potentiation was determined to be 6 1% for synaptic factors and 39% could be attributed to postsynaptic factors.
The percentage of the total potentiation that can be attributed to postsynaptic and synaptic factors for the 16 slices that exhibited noncoincident I/O functions is shown in Fig. 5 . The mean and standard error of the postsynaptic contribution was determined to be 40 ? 5%, and the mean and standard error of the synaptic contribution was determined to be 60 + 5%.
DISCUSSION
Our results support the concept that postsynaptic mechanisms contribute to the potentiation of the discharge of hippocampal pyramidal cells with paired-pulse stimulation. We take the dissociation of test and control I/O functions for 16 of 28 slices as indicative of the existence of an extrasynaptic component. The mean percentage of the total potentiation of the population spike originating from postsynaptic factors was 40 + 5% and that attributed to synaptic factors was 60 f 5%, as determined from 16 pairs of noncoincident I/O functions. The existence of such an extrasynaptic component suggests a functional alteration in the relationship between synaptic activation and the discharge of pyramidal cells.
The possibility of extrasynaptic factors in potentiation was suggested by Andersen et al. (1) and Lomo ( 12) . Both found an enhancement of the pyramidal and granule cell population spike without an associated enhancement of the population EPSP when the population was first conditioned with antidromic stimulation. Such an enhancement could be explained by an alteration in the mechanism of spike initiation (7) by the activation of recurrent excitatory interneurons ( 1,8,9 ), or by the presence of dendritic and/ or somatic gap junctions between adjacent pyramidal cells (2, 18, 19, 21) . Such gap junctions would effectively depolarize cells that are electrically coupled to discharging neurons and therefore would increase the probability of discharge from the application of the test stimulus.
Another possible postsynaptic mechanism is an alteration in dendritic membrane characteristics that couple synaptic activation and cell discharge. In their study of the potentiation of population responses by opiates, Lynch et al. ( 16) provided evidence that points to alterations in dendritic membrane properties, which may be the underlying basis of their enhanced neural excitability.
The statistical coincidence for 12 of the 28 slices suggests that for these slices the enhancement of the CA1 population spike may be attributed entirely to synaptic facilitation. The absence of an extrasynaptic component of potentiation in these slices may be a result of insufficient numbers of gap junctions in the population encompassed within the transverse slice or insufficient putative feedforward or recurrent excitatory interneurons. A suf-ficient number of these intemeuronal connections may be needed to allow the detectability of postsynaptic involvement in potentiation.
The potentiation of pyramidal cell responses either by a combination of synaptic and extrasynaptic mechanisms, or by synaptic mechanisms alone, reflects the coactivation of additional neurons within a population. It would be of interest to determine the possible functional significance of such transitory enhancements of activity in neuronal populations as seen, for example, in paired-pulse potentiation or frequency potentiation (5, 20) . Whereas longterm potentiation of CA 1 pyramidal cell responses is thought to be the physiologic substrate of learning processes such as classical conditioning (3, 4) , it is doubtful that the transitory nature of short-term enhancements would itself be the underlying basis of long lasting changes in behavior. Phenomena such as paired-pulse potentiation, however, do reflect the capacity of a neuronal population to enhance its activity as a result of prior activation. Conditions which lead to the coactivation of a critical mass of neurons may, in turn, produce long-lasting alterations in other regions of brain.
